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I ABSTRACT

I A mathematical model of a pyrotechnic flame has been

developed and validated. The model utilizes a computer program

I to calculate the relative radiant powcr of flares containing any

gof the alkali metals. The computation takes into consideration

known system variables such as formulation, candle size,

Idisplacement along the plume axis, and atmospheric pressure.

These effects were evaluated over a wide range of conditions and

I the computed spectra follow the established experimental spectra

I trends. The computer solution is a general solution requiring no

ad hoc modifications tolthe model for eny of the metals or

conditions tested.

The basis for the model of the flame permits calculation of*• I

the effects of mixing of the flare plume with the ambient

* atmosphere and takes heat loss along the plume axis into

consideration. The relative radiant power is determined by

solving the radiative transfer equation using parameters

calculated from the thermodynamic properties of the flare plume.

The individual line dispersion profiles of the resonance lines

were replaced with a two-line Voigt function that includes a

broadening parameter that considers natural, Lorentz, resonance,

quenching and Doppler broadening mechanisms. The solution

results in a spectral profile that follows observed experimental

spectral variations over a wide range of metals and conditions.

F



Spectra were computed for lithium, sodium, potassium,

rubidium and cesium under a variety of limiting conditions. A

I comparison of measured spectra with the computed spectra showed

good agreement both qualitatively and quantitatively. Cases

shown include theoretical and experimental spectra comparing

I varying ambient pressure, formulations, displacement along the

plume axis and candle diameters for sodium and selected cases for

the other alkali metals to compare with experimental spectra or

show expected trends.

This model should be useful in optimizing flare radiant

output using any of the alkali metals as emitters and also as a
I

tool for further study of the radiative transfer system in

controlled laboratory conditions.

i
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INTRODUCTION

Early research in magnesium-sodium nitrate flame

spectroscopy has shown that the major component of the visible

light emission from these flames is a continuous spectrum called

the sodium resonance-line continuum. The resonance-line

continuum is much broader than predicted by Doppler or Lorentz

effects. Further, many observations of flame spectra seem to

differ in the effects noted due to varying test parameters.

These incongruities led researchers such as Douda, Blunt and Bair

(33,48,49) to consider other mechanisms, such as radiative

transfer, to elucidate the origin of the resonance-line

continuum. Their early work indicated that radiative transfer

was able to yield reasonable agreement in specific cases but

required certain ad hoc modification to fit various flame cases.

Douda (1) hypothesized that radiative transfer was the major

mechanism responsible for this resonance-line continuum. lie

developed equations for predicting broadening of the sodium D-

* Ilines using some simplifying assumptions for temperature and

concentration profiles and neglecting the effect of air mixing

* with the flame. By comparing the spectra of flames at reduced

pressure, he demonstrated that the theory produced reasonable

agreement with the experiments. The agreement was improved at

the lower pressures because the effect of the atmosphere mixing

with the flame was reduced. Even with this, however, the

coefficient used in the spectral line profile had to be reduced

by almost an order of magnitude to get agreement between

calculations and experiments. In 1975 and 1976, the model was

- " -- ,- - . . . . -'--. . .... .
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expanded by Dillehay (4,5) to take into account the effects of

air mixing with the flame. This work improved the calculation of

the temperature profile to obtain agreement with experimental

observations. The sodium atom concentration was not assumed to be

a constant average value in the flame but was approximated as a

parabola through the flame cross-section. Using these data, the

line broadening profiles were calculated for a number of

conditions without making any a priori assumptions. The

predicted spectra showed the same broadening fer res as the

experimental data even at atmospheric pressure. 'hose

calculations were all done by hand with conside- le use of

approximations, interpolations and look-up tablt- The difficult

and time consuming hand calculations in this early model limited

the application of this technique for further research.

The purpose of this dissertation will be to develop an

improved mathematical flame model that can be used to verify the

radiative transfer theory for sodium and add other alkali metal

species to the model. By generating a general solution to the

equations, the model will allow computation of the broadened line

profiles of lithium, sodium, potassium, rubidium and cesium. The

solution will be a computer simulation of a pyrotechnic flame and

a computer program that will take the predicted combustion

species from the simulation, calculate the radiative transfer

parameters and generate the spectral profile. The flame model

will take into account the effects of varying formulation, mixing

of the atmosphere with the flame, heat loss along the flame axis

and the effects of pressure on the flame. The equilibrium

n, 4-'
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compositions and temperatures are calculated using the NASA SP-

273 Combustion Equilibrium Program (3). This model will enhance

the state-of-the-art of illuminant formulating and improve the

understanding of the radiative energy transfers in pyrotechnic

flames.

This research will show that the radiative transfer model

can be applied to pyrotechnic flames without a priori assumptions

or ad hoc modification of the model. The model will then be

used to demonstrate that many of the variables noted in previous

experiments are predicted by the theory and quantifying rules can

be established for the meaningful acquisition and interpretation

of pyrotechnic flame spectra. The spectral model will take into

account the effects of varying formulation, candle diameter,

pressure and position within the flare plume. Data for lithium,

sodium, potassium, rubidium and ces-um will be included to allow

a broader application of the model and increase the confidence in

the validation. Experimental d.ta are already available for a

variety flare formulations taken under many conditions. These

data will be used to compare with the calculated spectral

profi) es.

*71

I .''I
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THEORETICAL BACKGROUND

The Radiative Transfer Equation

A detailed derivation and discussion of the radiative

-transfer equation can be obtained from the literature (1,43,50).

A brief summary will be presented here to aid in the

understanding of the model.

To characterize the mechanisms of luminous energy generation

in a flare plume, it is necessary to solve the general radiative

transfer equation,

I~~ ~[ 6C. -'P-C'-)/( +4P~-)/1' (I)I

where T and % are the optical depth integration limits from

front to rear of the plume respectively, ri. and are the

spectral intensities at optical depths Z' and ,(Z) is the

line source function,.d is the cosine of the angle of

observation, and is the normalized spectral profile of the

absorption coefficient. To solve this equation, the plume is

constrained by the following boundaries:

1) The plume is a homogeneous gaseous atmosphere with plane-

parallel stratification.

2) The gas consists of alkali metal atoms which can be

excited to the or ?P level and molecular species

which can interact to perturb the metal atom radiation..

3) There is local thermodynamic equilibrium (LTE) governed

,!'
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by the local temperature.

4) Energy exchange by radiation leads to radiative

equilibrium.

5) The refractive index of the medium is unity.

6) The radiation is unpolarized when emitted and remains

unpolarized on its interactions with flare species.

7) The temperature gradient can be constructed from the

thermodynamic equilibrium temperature calculated for a

limited surface penetration of the ambient atmosphere.

8) The absorption profile ,,and the number density of

sodium atoms are dependent on the calculated

thermodynamic equilibrium compositions defined by the

limited surface interactions with the ambient atmosphere.

Using these boundary conditions, the radiative transfer equation

can be simplified by assuming that the observed flux is emerging

normal to the surface (13 = 1) and there is no flux incident on

the rear surface of the plume (XT,= 0) and for the LTE case

1S3) !3 (T') where 13,,(T') is the Plank function for the flare

temperature at optical depth t . The monochromatic emergent

intensity is now

-- a

where r is the total optical thickness.

'I! ...
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A numerical integration of Eq.(2) using Simpson's Rule of 2M

intervals (2) yields a theoretical relative spectral radiant

power for a given wavelength, proportional to spectral emergent

intensity. By calculating values over a spectral frequency

range, a theoretical flare spectrum can be generated.

In order to solve the transfer equation simultaneous]y for

both of the sodium D-lines, Douda, Behmenberg, Hoffman and Kohn

(1,21,26,27) replaced the individual dispersion profiles, in

Eq.(2), with a 2-line Voigt function. This function includes a

superposition of broadening mechanisms and is described as

ay (a)

where V is the frequency measured from the line center in units

of Doppler half-width and o. is the dispersion parameter.

The dispersion parameter, o , is obtained from the equation

where A.N' A' L , AAq , and AA, are the natural, Lorentz

(unlike particle), resonance (like particle), quenching, and

Doppler line broadening half-widths, respectively.

The Voigt Function O. Parameter

The Voigt OL parameter shown in Eq.(3) is the dispersion

parameter that takes into account all of the factors considered

that contribute to the width of the spectral line. The line

broadening mechanisms considered in the pyrotechnic flame spectra

are (a) natural broadening (due to the Heisenburg uncertainty



/=

l
Page 7

principle (44)), (b) Ioltsmark pressure broadening due to

collisions with like neutral species, (c) van der Waals pressure

broadening due to collisions with unlike neutral species, (d)

broadening due to quenching collisions, and (e) Doppler

broadening due to the relative motion of the radiating system and

the observer. Stark broadening due to charged perturbers was

neglected as the concentration of charged metal ions in the flame

can be shown to be small (8). As shown in Eq.(4), the effect of

all the considered broadening mechanisms is accounted for in the

Voigt function a- parameter. Each of the line broadening half-

widths will be discussed separately below.

The equation for natural line broadening is

0 AZI/rc

where A.is the line center wavelength and AzI is the Einstein

coefficient for stimulated emission. The values of Az1 for the

alkali metals are shown in Table 1. along with the calculated

natural line broadening for each.

Table 1.
Natural Line Broadening and Einstein
Coefficients for the Alkali Metals

Metal Ad A211, c Ar
Li 6707 .37E+08 0.9E-04
Na 5893 .65E+08 1.2E-04
K 7682 .39E+08 1.2E-04
Rb 7874 .36E+08 1.2E-04
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The Doppler broadening half-width for the alkali metals is

given by

where M is the molecular weight of the metal in gm./mole. Table

2. shows the values calculated for the Doppler broadening half-

width for a temperature of 3000 *K.

Table 2.
Doppler Line Broadening
for the Alkali Metals

Metal A0  M A
Li 6707 6.94 0.0999
Na 5893 22.99 0.0482
K 7682 39.10 0.0482
Rb 7874 85.48 0.0334
Cs 8732 132.91 0.0297

Since the value of AA is proportional to the square root of the

flame temperature,&Xv for sodium varies from 0.0482 A at 3000 °K
0

to 0.0387 A at 1915 K.

The van der Waals collisional broadening (also known as

Lorentz broadening ) due to unlike species is given by

'&L(V)A /0 (A/)N Z(8 1? T, 1A/1 (7)

whereO-5 is the optical cross section (cm) of the alkali metal,

and Ng is the number density of perturbing species (cm-). NA is

Avagadro's number and /.' = mM/(m+M), the reduced mass. If the
-I

mean relative velocity of colliding species (cm'sec ) is

(8)T- NA/-rrt) (8)

where j is the species index,.Eq.(7) can be written

8 _ Z_ _ _ _ _

AAA =1
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The values for optical cross section at 2500 OK reported by

Hoffman and Kohn (21) are shown in Table 3. below, along with

typical values for the Lorentz broadening.

Table 3.
Optical Cross Sections and

Lorentz Line Broadening Values
for the Alkali Metals

Metal C(Xio ), AL ,A
Li 46.5 0.05880
Na 59.3 0.02967
K 59.1 0.04043
Rb 76.3 0.03313
Cs 89.1 0.04355

The values for Lorentz broadening half-width in Table 3. do not

take into account the effects of mixing the ambient atmosphere

with the plume. These effects will be considered at the end of

this section.

The Holtsmark or resonance broadening half-width can be

derived from

A* 6X IoA)e~fNIV, /(4 7r~m) (

where e is the elementary charge (cm - m sec ), me is the

electron rest mass (gm),and N1 = is the number density of the

£alkali metal atoms. The oscillator strengths,f, of the alkali

metals were obtained from several sources (39,40,42). The

uncertainty of the determined values is not of sufficient

magnitude to cause any significant variation in the calculations.

Resonance broadening of the spectral lines is the largest factor

in determining the Voigt function CL parameter except at very low

metal atom concentrations. Again without considering the effects

of interactions with the ambient atmosphere, the values of
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resonance broadening half-widths and oscillator strengths are

shown in Table 4.

Table 4.
Oscillator Strengths and

Resonance Line Broadening Values
of the Alkali Metals

Metal , 4 f Ar ) A
Li 0.502 0.251 0.753 0.52342
Na 0.624 0.312 0.936 0.63442
K 0.682 0.339 1.021 1.30661
Rb 0.675 0.322 0.997 1.19584
Cs 0.732 0.362 1.09 1.88006

The equation for quenching line half-width can be expressed

as

where C,,(T) is the rate of collisional deactivation ( i.e., the

number of quenching collisions per second). Hooymayers (19,20)

equates the quenching process to a shortening of the radiative

lifetime. He calculates the value of CpI(T) as

where vr is the density of the quenching flame specie j, Yj is

the average relative velocity of approach of the colliding specie

J, and6 is the specific quenching cross section. When theJ

specific alkali metal atoms undergo quenching collisions in a

mixture of flame molecules of different species, the quenching

frequency Q,1 (T) is given by

C~,(T z q2 (T) =Zv~~c3
j=ai

where j Is the index for the various species of flame molecules.

The value for 7 is given by
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The mean speed of the alkali metal atom and of any specie atom j

is given by

where hA is Avagadro's number and I is the molecular weight of

the metal or specie j. The ideal gas law is used to calculate

the number density of the species in the flame by relating the

mole fraction of the specie j to the total gas fraction at a

given temperature and pressure. Values for the quenching cross

section for various species with the different alkali metals were

required for the computation of Czl-T) . liooymayers and Alkemade

(19,20) reported measured values for quenching cross sections of

various species with sodium and potassium. It is thought that

the apparent quenching cross section of a specie with an alkali

metal would be inversely proportional to the atomic weight of the

metal. This would be the result of the collisional mass of the

metal varying while the mass of the quenching specie remained

constant. The quenching cross sections of species in collision

with sodium have been examined more extensively than the other

alkali metals. The values of quenching cross sections with sodium

were divided by the ratio of atomic weights of potassium and

sodium (39/23) to predict the values for potassium. The

calculated values were compared with the measured values of

Hooymayers. The results are shown in Table 5.
i

- -~.----
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Table 5.
Quenching Cross Section Values for
Species with Sodium and Potassium

oj (x10 11), C v

Specie Temp Na Value Calc. 1( Value Meas. K Value
CO 2000 72 42 40
C02 1670 113 66 80
Ar 2070 2.3 1.35 0.94
1120 2070 1.0 0.59 0.42
N2 1940 40 23 18
02 1885 66 39 31.5

The agreement is entirely satisfactory given the uncertainty of

the original measurements. Indeed, variations greater than these

are noted between results from different researchers. The

quenching cross section values of all of the major species in the

flare flame were calculoted with referrance to the sodium

quenching cross section values and the atomic weight of the

alkali metal. These values are tabulated in Table 6. below for

2000 OK.

Table 6.
Quenching Cross Section Values of Species

with the Alkali Metals

Specie Li Na K Rb Cs
Ar 7.9 2.4 1.4 .6 .4
CO 239 72 42 19 12
C02 312 94 55 25 16
H 3.3 1 .6 .3 .2
112 53 16 9.4 4.3 2.8
1120 14.6 4.4 2.6 1.2 .8
Mg 3.3 1 .6 .3 .2
N2 139 42 25 11 7.3
02 205 62 36 17 11

These quenching cross sections were used in the computation of

the quenching broadening half-width. Typical values of the

quenching broadening half-width calculated for each metal without

regard for the interaction with the air are shown in Table 7.

'
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Table 7.
Quenching Line Broadening

of the Alkali Metals

Metal ' , ,
Li 4.6954E-03
Na 1.9329E-03
K l.6166E-03
Rb 1.8645E-03
Cs 6.2197E-04

From Eq.((4), the Voigt function 0- pa-ame ter can be

calculated for each metal. Without taking into consideration the

effect of the ambient atmosphere, the values for the a parameter

for stoichiometric formulations are shown is Table 8.

Table 8.
Voigt Function C- Parameter Values

for the Alkali Metals

Metal C-
Li 4.8372
Na 11.3622
K 23.1741
Rb 38.8102
Cs 54.7553

To examine the effect of mixing the ambient atmosphere with

the flare plume, thermochemical calculations were made with the

admixture of air with the flare composition. Calculations were

run in 10% increments from 0% air to 90% air. From these data,

new values of the Voigt function parameter were calculated.

Table 9. and Figure 1. show the values obtained for sodium over

the range of formulations.
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Table 9.
Line Broadening and Voigt Function (X Parameter Values

for Sodium as a Function of % Air Admixed

%Air T, 0 , X X AXO A, a.
0 3078 .00012 .02967 .63442 .00193 .04881 11.362

10 3064 .00012 .03144 .54871 .00216 .04870 9.957
20 3038 .00012 .03303 .46972 .00238 .04849 8.674
30 2999 .00012 .03453 .39649 .00257 .04818 7.495
40 2938 .00012 .03556 .32874 .00274 .04769 6.410
50 2835 .00012 .03632 .26576 .00288 .04684 5.422
60 2630 .00012 .03632 .20560 .00295 .04512 4.521
70 2246 .00012 .03491 .13779 .00287 .04170 3.508
80 1710 .00012 .03135 .07827 .00260 .03638 2.571
90 1181 .00012 .02662 .00006 .00199 .03023 0.793

From the table, it can be seen that the Doppler half-width is

only reflecting changes in the temperature of the mixtures. The

natural broadening half-width is only a function of the

wavelength and the Einstein coefficient of stimulated emission.

The Lorentz, resonance and quenching parameters are influenced

not only by the temperature but also by the reduced sodium atom

concentration and the change in the perturbing species. It is

particularly notable that the nitrogen and oxygen content of the

plume mixture increase markedly since they are especially

effective in quenching sodium D-line radiation. All of the

alkali metal Voigt function 0. parameters show a similar response

to the mixing of air with the flame. Again using sodium as an

example, Table 10. and Figure 2. show the effect of varying the

formulation of the illuminant on the Voigt function CL parameter

at the 0% air level.

, *1
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Table 10.
Line Broadening and Voigt Function Parameter Values
for Sodium as a Function of % Magnesium at 8% Binder

%Mg T1 01? 411 ax, 4R Aq )D 0
30 291S .00012 .02125 .79960 .00159 .04801 14.317
35 2900 .00012 .02543 .73523 .0044 .04845 13.098
40 2953 .00012 .02761 .65122 .00133 .04P24 11.742
45 2815 .00012 .03016 .56543 .00126 .04759 10.443
50 2358 .00012 .03315 .49993 .00123 .04606 9.660
55 1964 .00012 .03817 .48608 .00125 .04201 10.417
60 1938 .00012 .04251 .4847() .00106 .03893 11.303
65 1.795 .00012 .04275 .47703 .00051 .03830 11.313

It may be seen that the Voigt function CL parameter is sensitive

to the changes in formulation. While only sodium values are

shown in the table, all of the alkali metals show a similar

response to changing formulation.

Optical Thickness

To evaluate Eq.(2), a means is needed to determine the total

optical thickness for a given point within the plume. Douda used

an equation for optical thickness that assumed that the number

density of sodium atoms had an average value inside the flame.

With this assumption, the optical thickness can be described as

() !!/1vIrA VD] (3 - (t-

where L ? and 13.I are the Einstein absorption and induced

emission coefficients, N, is the number density of metal atoms in

the lower (2S ) state and Mz is the number density of metal atoms

in the upper (Zp ) state and Z is the flame depth (cm.). The

Doppler half-width,AV., is in units of frequency. It can be

shown that N? is negligible compared to 4, (28,41). Eq.(16) is

not adequate for the model described in this research since the

metal atom concentration is not assumed constant but allowed to--.no
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vary as a function of position within the plume. Accordingly,

the model constructs a profile of the metal atom concentration

across a section of the plume and calculates the optical

thickness by numerical integration using the trapezoidal rule to

give the value at any depth in the plume. See Appendix B for a

detailed description. The expression for optical thickness may

be written as

13, 7 
1- 

J
f: 1

where KVZ) is the metal atom concentration in gram-atoms/cc at

depth 2. Figure 3. sho%s the optical thickness as a function of

depth in the flame for a typical sodium composition.

, '
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TIlE FLARE 
FLAME 

MODEL

Physic,. and Optical Bouncdaries

To model the combustion of a flare composition one must take

into account several factors that are know.n to influence the

flame both physically and chemically. As the fuel and oxidizer

react, the combustion products are expelled from the surface and

form a gaseous volume that radiates both line spectra and a

continuum due in part to radiative transfer broadening and in

part to gray body emission from the solid particles in the plUme.

This rescarch will consider only the radiative transfer aspects

of the resonance-l-ne continuum.

For this model, the burning rate of the composition is

assumed to be optimized for the formulation. This is attainable

in practice by tailoring the particle size distribution of the

magnesium or other fuels. It has been observed that there is an

optimum burning rate for a given formulation. If the rate is

slower than the optimum, heat losses will be excessive and a low

light integral will be recorded. If the rate is faster than the

optimum, material will pass through the reaction zone too fast to

allow equilibrium combustion and material will be ejected from

the plume without contributing to the system resulting in a low

light integral. This model assumes that proper adjustment of the

burning rate has been accomplished.

'i
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The stoichlometric formulation of a composition is the

formulation that gives the highest temperature when the

equilibrium proceeds to minimize the Gibb's free energy of the

system. This is usually a balance point where just sufficient

oxidizer is present to oxidize the fuel present. If the reaction

products are allowed to mix with the ambient atmosphere, however,

and the ambient atmosphere is air, there L. a potential to

further react excess fuel with the oxygen in the air. This will

proceed to a point where there is not sufficient fuel reacting

with the air to raise the temperature of the air to the

combustion temperature. As the flare formulation is adjusted to

be fuel rich, the excess fuel reacts with the air and the

reaction proceeds further along the plume axis to give a longer

plume. This has been observed experimentally by many

investigators (11,12,13,14,15,16,24,29,30,34,35,36). The plume

length is also a function of the pressure surrounding the plume.

The reduced pressure allows the plume to expand along the plume

axis resulting in longer plumes. This is reported by Douda and

Blunt (11,15,16). The length of the flare plume is also a

function of the diameter of the flare. As the cross section of

the plume increases in diameter, it obviously takes longer for

the plume to mix with the air and complete the combustion.

To solve the radiative transfer problem requires a

mathematical model of the flare plume to permit computation of

the temperature and metal atom concentration profiles through the

plume at a given height above the flare surface. Figure 4. shows

the physical model that was derived. The outer boundaries are

° , *1 . . . -
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repre3;erted by parabolas that are fitted to the edge of the

candle and extend to a point above the candle that is defined as

a function of the candle diameter and formulation. The parabolas

are defined as the 90% air interface and represent the physical

boundaries of the plume. The factor F is the fuel fraction that

gives a computed temperature of 1800 OK. Lewis and von Elbe (4P)

reported that sodium D-line emission disappears below 1775 oK.

Fristrom and Westenberg (45) reported that emission of additives

to flames ceases at about 1700 *K. The thermochemical combustion

analysis shows that a limit of 1800 OK agrees well with the

disappearance of the metal atoms from the plume due to the

formation of the oxides and hydroxides. Brewer and Searcy (6,7)

report that the oxides of the various alkali metals are stable at

temperatures in the 1500 to 2600 OK range with lithium oxide

forming at 2600 OK and cesium oxide forming around 1500 0 F. It is

assumed that an average temperature of 1800 OK will be suitable

for all the alkali metals for the disappearence of emission. The

factor F varies as the formulation varies and for a given

diameter, (d), the plume lengthens as the composition moves

towards a fuel rich composition. Photographs of flare plumes

(32,36) show good agreement with the values calculated for plume

length. The maximum height of the visible plume above the candle

surface is given as

- IF/ (8)

To account for the influence of ambient pressure on the plume

length, another term is added to the length calculation to give

-/F (76o1P) (Iq)

.. ...I -, --: - .;, .. ...
il - I
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The cube root of the pressure relative to 1 atmosphere gives

reasonable agreement with the observed spectra previously cited.

The diameter (DL) of the plume at the maximum height above the

flare surface is determined as

DL = [(76o/p)3 (dz L)] = (76o/P) 0 +

The adjustment of length and diameter for pressure allows the

volume of the plume to vary with the pressure according to the

Ideal Gas Law relationship PV = P2V . These two parameters

permit the computation of the outer boundaries of the visible

plume. To account for the mixing of the ambient atmosphere with

the plume, a parabolic inner boundary was established as the 0%

boundary for admixture of the atmosphere from one direction into

the plume. The parabola used has the sane parameters for all

diameters of candles. This would be expected as entrainment and

diffusion should be independent of the diameter of the candle.

This boundary is mirror imaged to account for the admixture of

the atmosphere from the other side of the plume. It was felt

that the air would be rapidly introduced near the surface due to

turbulence and entrainment but that diffusion would be the

primary means of transport within the inner regions of the plume.

Accordingly, the air is introduced parabolically into the plume

as shown in Figure 5. The crossover point defines an envelope

within which there is no admixture of the atmosphere. At a given

point above the candle surface, the parabolic equations can be

solved to give the necessary boundaries to compute the

composition of the flame at each point across the plume. Above

I
the crossover point, the per cent of the atmosphere at a given

• - -,. . '-- " . . .... . ". . . - - , I - - -
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depth in the plume is given by tile sum of the mixing parameters.

Tile physical boundaries for the flare plume were established

as the limit for mixing with 90% air. There is another boundary

that must be established for the model also. This is the optical

boundary. Since tile model is concerned with the resonance-line

continuum of an alkali metal, the optical boundary will be

defined as a point in the plume where the metal atom

concentration has decreased to 1% of its value in the center of

the plume. The change in concentration across the radius of the

plume is due to dilution with the atmosphere, changes in

temperature across the plume, and reaction of the metal atoms

with other plume species. It may be seen that the optical

boundary is very close to the physical boundary but the

distinction is important, especially with the lithium flames.

The temperature at the physical boundary is generally around 1200

*K which is close to the value chosen by Douda(1). The

temperature at the optical boundary is around 1800 0K fer all the

metals except lithium where it is around 2000 O1. These

temperatures are considered reasonable for both disappearance of

the metal atoms and the cessation of emission.

Heat Loss Correction

One other factor must be accounted for to allow the flame

model to simulate processes occurring in the flame. This factor

Is heat loss along the flare axis. There are losses of the het

of combustion due to convective, conductive and radiative

processes occurring in the plume. lamrick, Tanner, and Douda

-1 -- ___ - --- ... . .
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(1,29,30,34,35) have made calculations and measuremen|ts along the

plume axis to estimate the temperature along the axis. Using

their values and combining this with the assumption that the

visible radiation limit is 1800K at d/F, a correction profile

for temperature can be calculated. A parabola is fit with th:e

computed adiabatic temperature as the vertex on the y-axis and

the height above the candle surface along the x-axis. 'he flame

temperature is set at 1800"K at d/F on the x-axis. The flame

temperature along the centerline can then be computed as a

function of distance above the candle surfice. The maximum

temperaturc in any cross section is determined by thermochemical

calculation with the admixture of ambient atmosphere. This value

includ es excess heat of combustion that is stored in the

magnesium oxide and this tends to hold the maximum temperature to

less temperature drop than along the axis. It is assumed that

the maximum temperature will drop parabolically by a factor of

555(d) CK along the length of the visible plume axis. The

factor includes a term for d since mixing with the atmosphere

* 'in the plume is not complete as the diameter increases. Using

these fixed parameters for the rate of temperature drop along the

axis, a correction factor is calculated for each incremental step

in the plume cross section to adjust the temperature for heat

loss. All modes of heat loss are included in the correction

factor. The values chosen are related to the observed and

calculated temperatures of other researchers and will be shown in

later sections to give good agreement between calculated and

measured spectral profiles. The actual equations used for the

temperature correction are given in Appendix B.
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THE COMPUTER PROG1,AM

All of the parameters required to solve the radiative

transfer equation may now be computed from the mathematical model

described. To enable the solution to be run on a microcomputer,

several tables of values were calculated and stored as disk

files. When the desired metal and formulation have been

selected, the appropriate tables of values are loaded into

memory. Complete listings of the main program and the special

programs used to construct the tables are given in Appendix C.

The Voigt function values were computed using a set of

parameter values in a F6rtran program written by G. Rybicki and

included in Douda's program. It was found that the log of the

Voigt function at any given wavelength is linear with respect to

the log of the Voigt function 0- parameter. By using the slope

and intercept of the log function line, the Voigt function can be

readily calculated for any Voigt function 0- parameter using the

microcomputer program. The Voigt functions were taken for five

different 0- parameter values and the slope and intercept of the

log values computed by the method of least squares. The tables

for use in the new model were constructed for each metal by

selecting representative wavelengths, calculating the slope and

intercept of the log values and storing the values in a disk

file. The actual tables used are shown in Appendix C as Tables

C-i through C-5. Plots of the slope and intercept as a function

of wavelength are shown in Figures C-I through C-5. The

discontinuity of the functions at the resonance wavelengths is

apparent.

71 1Z~ 71



Page 24

To enable the calculation of temperature and specie

concentration through a cross section of the plume, a depth

index, Z, is used. The plume is divided into 0.1 cm. segments

and the position at the plume surface is identified as Z=I. At

each step into the plume of 0.1 cm., the Z value is incremented

so that Z times 0.1 will give the depth of the plume in cm. The

per cent air that has mixed with the combustion products is

calculated and the temperature, Voigt function a parameter,

total gas concentration, and metal gas concentration are

calculated by interpolation from the appropriate look-up table.

The gas concentrations and the Voigt function a- parameter are
(

adjusted for the chosen pressure. The temperature profile is

next corrected for heat loss and the Voigt function a. parameter

is corrected for the temperature change at each point in the

plume. Once the temperature, concentration and Voigt ..

parameter functions have been calculated for each position up to

the centerline of the plume, a mirror image is constructed for

the back half of the plume. The optical thickness is computed

for each of the Z index positions by a numerical integration

using the trapezoidal rule. See Appendix B. for details. All of

the parameters are now available for a numerical integration of

Eq.(2) by Simpson's Rule (2). The values computed for each

wavelength are stored as a disk file to be recalled and plotted

by a special plotting routine.

A I
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Computed Radiation and Temperature Profiles

The mathematical model of the flare plume results in a

predicted double peak in the temperature profile of fuel rich

compositions. See Figure 6. This is due to the reaction of the

excess fuel with the oxygen in the air to maximize the

temperature at a radial distance that is a function of the

formulation. This double peak has been determined to be a real

feature of flames similar to these pyrotechnic flares

(9,22,37,38). This is considered additional justification for

the selection of the mathematical model as representing the

average flame processes.

In the solution of Eq.(2) for the radiant power output, the

radiant power at each point in the flare plume is calculated.

The curves shown in Figures 7 through 11 show the calculated

radiant power for five different wavelengths of a sodium

spectrum. In the wings of the spectral profile where the

resonance is weak, the radiant power is proportional to the

temperature profile. Little of the radiation from the back of

the plume is absorbed as it traverses the plume. As the

wavelength moves closer to the resonance wavelength, the radiant

power output becomes highly distorted as the radiant energy from

the deeper areas of the plume is strongly absorbed by the cooler

sodium near the front surface. Very near the resonance

wavelengths, only the radiant-energy from the outer few tenths of

a centimeter can escape from the plume. This is the reason that



!
Page 26

the early model!, had to adjust the spectral line profile

coefficient to a much lower value to get agreement with

experiments. The Voigt function c parameter is only about 1.4

near the surface where all the radiant power is derived in the

wavelength regions near resonance. This is in good agreement

with the value of 1.2 used by Douda as the best empirical fit to

his data.

Computed Spectra

The computer program has generated spectra for each of the

alkali metals at 760 Torr for each of three formulations

representing near stoichiormetry and two cases of increasing fuel

rich compositions. These spectra are shown as Figures A-I

through A-15 in Appendix A. All of the spectra were computed at

a point one flare diameter above the candle surface with a 3 cm.

diameter candle. The computed radiant power values were

normalized to give a maximum value of 1.0 for the spectra and
show the shape of the curves. Figures A-16 through A-25 are

experimental spectra taken by Blunt (36) and reproduced nere for

purposes of comparison.

Since a large volume of sodium spectra are available from a

wide range of experimental conditions, an extensive comparison of

calculated sodium spectra has been made. Figure A-26 shows the

computed spectra for several heights above the candle surface.

Experimental spectra taken by Blunt (15,16) show a similar trend

of decreasing power and broadening as the position moves up the

plume axis. A typical set of experimental spectra is shown in

' 'I
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Figure A-27 for comparison. This variation is due mainly to the

drop in plume temperature and the change in cross-5ection

concentrations due to additional mixing with air. The

differences noted in these spectra point out how essential the

definition of spatial resolution is when taking spectra of

pyrotechnic flames.

Figures A-28 through A-41 show the computed spectra at different

ambient pressures. These spectra are compared with the

experimental spectra of Douda and Blunt taken at different

ambient pressures (8,11,17). The agreement of the computed
/

spectra with the experimental spectra demonstrates that the model

is predicting observed spectral changes with reasonable accuracy.

Figure A-42 shows a comparison of the radiant power output

of two formulations integrated over the full length of their

plumes at each wavelength. These integrals compare the total

power output without correction for the refrponse of the human eye

to radiation. The areas under the curves for the rare of

wavelengths calculated are 0.006667 and 0.01616 watt./steracian.

These are in the proper relationship for observed candlepower

variations with increasing magnesium content.

The diameter of the candle has an effect on the spectral

profile of the metal also. Figures A-43 through A-46 show the

computed spectra for four different diameter candles with each

computed at two candle diameters above the surface. The half-

4 width and the peak-to-peak separation increase with diameter.

The changes are proportional to the square root of the diameter

-- -- - --u: 4 ' -1
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of the candle. This is in accord with experimental evidence

reported by Douda (49) and in a private communication from D. C.

A. Izod, Royal Armament Research and Development Establishment,

Fort Hlalstead, U.K.

The computation of the spectral profile of lithium has been

made with comparison to the results reported by Douda (10) and by

Taylor and Farnel. (31). The results are shown in Figures A-47

through A-52. The agreement with both the shape and peak half-

widths is very good without making any special adjustment of

parameters.
(

For general comparison purposes, the spectra of potassium,

rubidium and cesium were computed for the cases of 300 Torr, 76

Torr and 6 Torr. The peak separation and self-absorption are

shown clearly in Figures A-53 through A-61.

'I
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DISCUSS ION

One of the important features of the computer model is the

simpification of the computation of the Voigt function for the

alkali metals. The method used by Rybicki (1) gives a solution

for the Voigt function at a large number of wavelengths for a

single value of the c parameter but at the expense of requiring

a very large computer and considerable computing time. This does

not easily lend itself to the calculation of the Voigt function

for varying a parameters through the plume cross-section. The
I

microcomputer solution uses a limited but significant number of

wavelengths to cover both the broad spectral region and a high

resolution region. By using a correlation of Voigt function with

the Voigt function m parameter, the computation can be rapidly

effected on a microcomputer over a wide range of formulations and

conditions even though the ok parameter varies at each point in

the plume.

The broad range of cases that has been examined strongly

supports the theoretical model that has been developed. Many of

the computed spectral phenomena have been observed experimentally

without a clear understanding of the mechanisms producing the

results. It is well established, for instance, that an increase

In percent magnesium above the stoichiometric level will produce

an increase in candlepower from an illuminant. It had been

noted, however, that the stoichiometric formulation produced the

highest theoretical temperature and spectral measurements showed

that the output per unit area was highest for the stoichiometric

I __ I
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formulation. It can be seen from the theoretical model that this

is the predicted mode for these cases. The increase in maqnesium

causes an increase in the total surface area of the flare plume

so that, even with a decrease in the output per unit area, the

overall result is a net increase in candlepower. The changes in

radiant power output and the half-width of the metal resonance

lines with changes in ambient pressure or ,etal atom

concentration are accounted for in the model, also.

The model accounts for a very wide range of parameters in

the computation of the resonance broadening of all the alkali

metals. The unique variability of lithium atom concentration

with temperature has caused difficulties with previous models.

The present model adequately predicts both the half-width and the

spectral profile for lithium over a wide range. This uniqueness

is not handled as a special case, however, but is a part of the

general solution.

In some cases the experimental spectra do not always vary in

a systematic and consistent manner. This variation from the

. :dicted mode is not viewed as a failure of the model to predict

properly but is a measure of the difficulties in obtaining

reproducible spectra from a variable source such as a pyrotechnic

flame. Combustion irregularities and plume distortion due to

such things as uneven case ninj can cause the flare plume to

fluctuate and the region of i.tcrest will be displaced from the

slit of the spectrograph. The spectral profile is sensitive to

the height above the candle surface and also to radial
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displacement from the plume centerline at a fixed height above

the surface. Many of the spectra reported in the literature were

taken under less than ideal conditions and on a variety of

instruments. Much of the spectral var'ability is due to the

experimental techniques used. The overall response of the model

to known shifts in performance correlates well with all of the

observed trends that have been established by years of testing.

The quantitative agreement with spectra that have been taken

recently with closely documented parameters is remarkable in that

no ad hoc assumP tions are made across the entire range of alkali

metals.

In summary, it has been shown that a mathematical

representation of a pyrotechnic flame can be used to describe the

temperature and concentration profiles of any of the alkali

metals in the flame. The computed values can then be used in a

two-line radiative transfer model to compute the spectral radiant

power distribution for that metal. The model has been developed

to be useful on a microcomputer by using techniques to generate

the two-line Voigt function from simplified slope and intercept

values with the Voigt function c. parameter.

U'
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TEST DATE S/27/C9 FILE 16 P:,,S 4. 5
lESI VAIE 5/^2/1 FILE 17 P,-.' S. 9

SOURCE 8- 1I LI/Z LI

120

Io

110

g. o

0

dO

OAS 0.11 0.53 0.58 0.63 CABs 8.73 0.7e 0.83 0.88 8.53 0.99 1.03 I.68 1.13

Fiqre A-16
LithiUM: at 630 Torr

IRS.8% Mcl, 16.27. LiN03, 5% Eirider
Reproduced b5 FerMission from Ref.(36)
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Figure A-17
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WAMENr.T. - 1ICRC4S

FiqL're A-20
Potassi..m i.A 630 Tori'

39.8% Mql, 55.2% KN0f3, 5% Bing-der
Reprodu~ced b~j Permissiono fr1om IR f. (36)
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APPE DI X B

Temp ra Lu r P (or rct j. on C ] clu 1 ,t i o ns

The correction of temperature lor-s is an important factor in

the use of the flame model. Pigures [--1 and 13-2 show graphically

the assumpt Lons made concern)5ng heat loss alocing the axis and

radially across the plume. The temperature along the centerline

of the flare plume axis is defined by the equation:

TCL (CL T. (1)

where L is the height. above the candle surface and T, is the

adiabatic tomperature at 0% air. The definitions of d and F are

the same as discussed in the text. A general solution for the

maximum temper,ture is defined as:

TMAX = TC - .5s(cFL/)f 3  (-)

where TB is the maximum temperature calculated for the

stoichiometric mixture with air. This temperature will always be

near 3000 0K, the melting point of magnesiuma oxide.

TPRIME is the calculated temperature at the centerline

determined from the interpolated values in the table of values

for each Z index position. TJ is the interpolated maximum

temperature at the stoichiometric air ratio for the given

composition. Now, to compute the temperature correction factors,

the following equations are used:
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For I <m Z <= ZMAX,

Tco (-)[ + (-rIAX/-rS -I) j

where ZMAX is the index value where the stolchiometric

temperature occurs.

For ZMAX < Z <= (1+1)/2

where I is the Z index value for the back of the plume. The

corrected values for T(Z) are then mirror--inaged from the

centerline to I.

The Voigt function 0 parameter ValLIes are c( rected by

dividing each indexed vaILIC by the same computed correction

factors and mirror-imaging the values from the centerline to I

also.

Optical hness Cacu3 tion

The values for the optical thickness are determined by

calculating the optical density at each index point and storing

it in an array. The optical density is

+ +tz +± - il- -11 69)

for Z = 2,3,4 ..... .I where 0 and IIZ is defined as

14= I.33266A-16 (MA S (6)
where M is the molecular weigh't of the metal, ,o is the resonance

wavelength, and OS is the oscillator strength. Now, optical



Page 77

thickness is

) o( -Er:)+ o cZ-,)] (7)o)P(Z-) + or (z- -+-

where OP(1)=O and DE is the depth increvient. The values for

optical thickness are stored in the conputer progra as an array

for use in the calculation of the radiant energy profile.
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5 RF M:R PADT AN S
10 I)IMA(400) ,PA(10,3) ,'T('400) ,TAU(4i00,3),VO(75,2),C)P(400) ,Rv
(75) ,IV(75)

: DEPINTJ, K, Z
15 NA=6.024E23

:CI=3.'*71 415E24
:C2=1.438 18
:REM Cl=27Pl*1h*c*c* TO GIVE BT IN WATTS/CM**?/MICRON

16 GOSUB4000
20 REM A(4O) TS TIIE ARRAY FOR 1;AIR AT EACH Z INDEX
21 REM PA(9,4) IS TIlEI APPRAY FOR THE 'I'AKL] OF VALUES
22 RE1 TIIE ]st TERM RI:PI;E.TS TEE % AiR
23 BEM THE 2nd TERM REPRESEN'TS TE,!.1P,VOIGT a,MOLES GAS,MOLES
METAL
24 REM TAU(400,3) IS AN ARRAY HOLDING THE INTERPOLATED VALUE
S

25 REM TT(400) IS AN ARRAY OF CALCULATED OPTICAL DE"!SITY VAL
UES

26 REM OP(400) IS THE OPTICAL TIIICI, .ISS FOR EACII Z INDEX
27 REM VO(75,2) IS AN ARRAY FOR WAVELENGiH, SLOPE AND INTERCE
PT
28 REM TIHE VO1GT FUNCTION PIII IS CALCULATED FROM VO(75,2)
35 CLS

:INPUT" ENTER CANDLE DIAMETER IN CM.";D
42 PRINT

:PRINT"FUEL FRACTION AT TEMP. ";TF;" -- ;F
: PRINT

45 DE=.!
:REM DE IS THE DELTA 1) FOR DEPTTH IN THE PLUME (CM)

50 INPUT"ENTER tlEIGIT ABOVE CANDLE IN CM.";L
55 DY=D/2

F1=SOE (1+3,/F)
:PC=(76/PR) (. 333333

56 REM DY IS THE REFERE1CE X COORDINATE FOR TII CANDLE EDGE
60 LM=(D/F)*PC

:LX=LM/(F1*SQR(PC)+]) [2
61 REM LM IS THE MAXIMUM LENGTI OF THlE PLUME
62 REM LX IS THE CROSS-OVER HEIGHT FOi TilE 0 ..tR LINES
63 REM PR IS THE PRESSURE IN TORR
65 DM--SQR (PC* (DkL+D*D)

:D1=- (DM/2)

:D2=DY* (Fl*SQR(PC)+I)*SQR(F*L/D/PC)-DY
66 REM DM IS THE DIAMETER OF THE PLUME AT HEIGHT L
67 REM DI IS THE OUTSIDE BOUNDARY FOR 90% AIR
68 REM D2 IS THE INSIDE BOUNDARY FOR 0% AIR
70 I=INT(DM/DE+.5)
71 REM I IS TIlE NUMBER OF STEPS THE PLUME IS DIVIDED INTO
75 IFI=INT(I/2)*2T1IENI=I+I

80 IM=(I+1)/2

'I

i,'
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81 REM IM I S THlE MI DPOINUT INDEX VALUE
82 REM K IS THlE INDEX VALUE FOR TlE 0% AIR LINE
85 IFL<=LXriEN,.GOSUB111000ELSEG-,OS-UB2000
90 FOIV/=VProiM
91 REM ?-1 .AX IS THLE IND17X VALUE FOR T.IE- MAXIMUM TEMPERATURE
95 IFPTAUi(Z,0)>TAUJ(Z-1,)IIENZMA/X=Z
100 NEXYT?. 1,
112 TPI<IME 1'AU (I M, 0)

: TJ: TAU (7.MAX, 0)
115 TCL~= ( CTP-PA (0 ,0) ) (/) 2) +PA (0, 0)
116 RE*M TCL IS 'Ill! CENE'"fLINE PEPCORRIECTED FOP, lEAT LOSS
117 REM TP IS THlE TEMf-PERATURE%' LI MIT FR EXCITATI1ON
120 TM4AXTB55*(D[.333333)*(L/LM')[2

:Q=INTr(A(TM)/1 0)

121 RPM VlAX I S THlE MA1X TEPCOPECP p0 EEAT LOSS
122 REM TB IS TEE 11iAX1I:-*1,!- ELN P i PMAUP
123 REM TPRI ME I S T 15 ,ClEMTE1PLI',r TEMP Wv.11iOUT 11EAT LOSS COR'P
ECTION
125 TI=TM',AX/TJ

T2=TCL,/T11RIME
130 FOPZ=2T0Z!I1AX

132 TAUk'Z,1)=TAU(Z,1)/1+(1l.1)*( (Z--1)/(ZMAX-l)) [2)
NEXTZ

135 IFZr*7AX=IMTHiN1 50
140 Il7FL<LXT'IF'JTX- ( 11-11K) ELS)EIX=IM
145 FORZ= (ZV.AX+ .) TOIM

.TAUC(7 ,0) =TAUC(Z ,0)*((Z-ZMAX) f2/ (IM-ZMAX) f2* (T2-T 1+T1)

NEXTZ
149 F I X <IMITII ENFOR Z ---IXT 0IM-

:TAU (Z, 0) =TAU (Z ,0)*T2

:TAU(Z,1)='I'IU(Z,1)/T2
NEXTZ

150 FORZ= (IM+1) TOI
:FORX=03
:TAU (Z,X)=T'AU(I-Z+1,X)
:NEXTX,Z

155 117=1.3326(GE-2,4*MW*(XLAM13)*OS
160 TT(0)=0

FORZ=2T01
:TT (Z) =IIZ* (TAU (Z, 3)
:NEXTZ

165 01)(1)=0
FORZ=2T01
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170 GOStJI3000

171 'TAU (Z-, 3)/>flT00 EJ.

Z =X] I INEX

173 LPIZINITCAE 110. (U;'FOI sI1,;I IZ PRI-'NN URE ;l

;" ORN AND 1112IG111 APCA'VL CAI'DLI: "; L
175 LO1ZR~ iTWN

:WL VOP(~, 0)
:SL=VO (:,, 1)
I NzVO (1,, 2)

176 PINQ12 WVLm' NO. ;R
180 Z=flJ

:GOSUB12100(
:E=CF (Z) * PH I

1-81 TI> 60o,11]:2I=6
182 1 rlE;- 6 T! I EE=6 0
183 TE M ( 1 ) = 1T*11 I/VX P(C)
185 Z=I-RJ+1

:GOSUP,2100
E=OP(Z) *PIII

186 IF E> 6 OTrncNPM (2) 0

187 T E!ZM (2) PI I I* BT/ E XP (O0P(Z) P I II)
19 " SU M = 0

: FOR Z (RTT+1 ) T0( I - RJ) ST Ell2
:GOSUB2I 00
: E=OP P'I) ."PI

192 IFE<>60T I 1',?! =6

195 SUM=S-'UM~lilI*13T/EXP (E)
NLXTZ

200 TERII(3)=2*SUM
:CUM=0

210 FORZ---(1,42) TO (I -RJ-1) STEP2
:GOSU1321 00
:E=~O P(Z) * PHI

211 1IFE>6GOT11 ENE=60
212 IFE<-00TI!ENNE=(GO
215 SUM=NIJMPII*BT/EXP (E)

NEXTZ
220 TERM(4V4A*SUM
230 IV (R) =D[.:/ 3*(E1M ( I ) +TERM (2)-4+TERM (3) +TERM (4))
240 PRINT@832,VO(R,),IV(R)
250 NEXTR

j MIA
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260 [0) r-0
)lR= ITOWN
Iv V R) > IV (0) TIEN IV (0) 1IV (R)

265 1z
270 -1.TO NN

RV (R) =T V (R) I IV 0)

275 N EX TR

280 LINE IN PUT" ENTER THE NAMEL OF THE ElLE" ; NM$

281 OfPFN"Q",3,NM$
PRINTii3,1N

285 FOBQ 1TOIN

CNE 3(

300 RN " AUTO PLOT
1000 J='IM+I(
1010 F 0 RZ 1T OJ

N EXT
1020 L'0R>XZTOIM

:A (X) =0
NEXT

1030 F0ER7.=1TO(IN,-1)

NEXT
1035 FO!E%=1TOIM

:Q=1NT(A(Z)/10)
: ("1 ( t.(Z)- 0 *10 ) /10

1040 T AU ( Z , X ) =PA (Q, X) P (A (,X) -P (P. I X) Q1

: N I'X TX , Z
1045 FOPZ,'-1TO(ITM- 1)

POPX=0T03

: N EXT X, Z
1050 RETtMN
2000 .3=IM+K
2010 FORZ/v1TOJ

:NEXT
2020 P=O

FORZ=(2*IM-K) TOIM
:A(Z) =A(Z)+A(J-P)

P=P+1
NEXT

2025 FoRZ=1TO (IM-1)
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:A (11147) zA (IM-Z)
NEXT

2035 FORZ-" ITOIM
F ;OY X0TO3

Q=1 1 UT(A (Z)/.10)
QI1 (A (7) -Q* 10)/10

2040 TAU (.,X) 'PA(Q,X) -(PA(Q,X)-PA( 1 ,X) )*QI
NEXTX, Z

2045 FORlZr1TO (IMM-1)

TAU (1 I ZI Z, X) ='TAU (I - -Z, X)
NEYT

2050 1, ETUN
2099 REM !NOUTINr TO CA.,LCULATE PLANK FUNCTION 13T
2100 E=EXP (C2/ (1%L*TAU (Z,0)))
2110 BTr cI/(,I.5*(i-]))
2199 PZEM ROUTINE TO CA..-LCULATE Pill PC'; A GIVEN VOIGT a
2200 IIIrEXP(SLOoE*LCC S[TAU(7,1))+1W)
2220 R ETU I'
2999 E, ,,PINE TO LOAD ARRAY WITH 'A\VELENGTH, SLOPE AND IN
TERCEPT/

3000 FI'-"PIlI"4-ID$
3005 OPEN"I",3,FT

I NPUTf 3, NN
3015 FORO= ITONN
3020 INPUT{ 3,VO((, 0)

:INPUTS 3,VO(0,1)
: INPUT 13 3 , VO (Q, 2)
:INPUTI:3,CC
: NEXT

3025 CLOSE
: RETUEN

4000 CLS
:PRINT"SELECT THE METAL FROM THE LIST BELOW:"

4005 PRINT
:PRINT" i - SODIUM"

4010 P1,T NT" 2 - POTASSIUM"
4015 PRI NT" 3 - LITHIUM"
4020 PRINT" 4 - RUBIDIUM"

4025 PRINT" 5 - CESIUM"
4030 PRINT

:PRINT"ENTER TIlE NUMBER OF YOUR CHOICE";
4035 A$=INKEY$

:IFVAL(A$)<IORVAL(A$)>5TEN4035;LSEIFA$=""TIIEN4035
4040 ID=VAL(A$)
4042 PRINT

:PRINT"ENTER ATMOSPHERIC PRESSURE IN TORR";
: INPUTPR

31

I
-



PAGE 85

4045 ONI1)X;OTO410O, 4200 0, 43004400, 4500
4100 I D$-=" NA"

:OS=.936
:0[;(I)=.312
:OS(2)=.624
: MW=22. 9898

4105 XL( I) =5895.92
:XL(2)SPB89.95
:XLAM%5892.94

4110 TF-]8U)0
4120 G020, 5000
4130 RETUiIN
4200 ID$=" "

:OS(1)=.339
:OS(2)=.682
: .:39. 100

4205 XL(])=7699.0
:XL(2) 7664.9

X LY-- 765 1.95
4210 TF=1P00
4215 GO!U BC000
4220 PETUPN
4300 1I)=" LI"

0S=. 753
:08(1) =. 251
:O (2) =. 502
: Mw= 6 .939

4305 XL(I)=6707.912
:XL(2) :6707.7r61
: XLAM=67 07.837

4310 TF=1900
4320 GOSUR5000

4330 PF'PuRN
4400 ID$ ="RB"

: OS=. 99'i
:OS(1) :.322
:05(2)=.675
: Mw=85.48

4405 XL(1)=7947.6
:XL(2) =7000.3
: XLAM=7c373. 95

4410 TF=1800
4415 GOUR6000
4420 RETURN
4500 1D$="CS" 

l:OS=1.09
:OS(1)=.362

-II
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7-. 322 '

4505 XI,(i 1 5 2 1 . 1
XL () : :P9 4 3. 5
XLAMI r-/ 3 2. 3

41)10 T I'- I1P0 0
4 52 () eo"Il (00

5000 CEIS
PRINT" ' PELECT A l'OEU'tLATI ON IR TE~:EU BELL>,':

5 0 02 1$ 1 l1i'N03'f

5 00(5 PRINT", I - 4 0 GC 5 5% J 3$; 5% iNDP 1
5010 P I I,"' 2 - 5 0% 1 G45% J $; 5 PIN I D
5 015' P RI N"' 3 ( 60 -lC 3 5 J3 5. IS I% 1DER
5017 PRITNT 4 SPEi'ClI CA S E
5020 PPRIN -

:PR I NT' !,:.T E'R TN B' NW PN ER BY YOUR C HOICE"

5 03"0 1I~VI1, (CNZ -4TIllBl %0o50!Ls E 5 110
5 0') LIE '()" N TlEE SPECItAL NIX I D!-NTIFR FOR, THE VOIc;
T FUN CT10,' ; 'F$
506(G; CT U 1 05 .
5 10G)0 N 1-!',:z IC?"7T I D., +C! $
5105 O)PENL", P, I ,NF$
5110 F Ol z\ =0;

I N I U': 1, PA (X ,Y)
NE4XTY , X

- PA X *.0) .. 1. ,'P ''' ' (X, 0)
N EXT X : 1.,E XTX

51)5 FC0)PX OTO '9
V- PA (, 2) * 0020 n * PA X, 0) *,mCOO

5120 1'! CX, 2') - ( 1~) R 60PA (X, 2) *NAV
5121 PA CX, .3) (P 1/76 0 CX 3) *NA/V
5122 N IXT X
5123 FORX=OTC9

:PFA (CX, 1) PA CX, 1) P (R/ 7 00
5124 NEXTX
5125 FORX=070'P9

IFPA (X, 0) (TFTIIE"NY=X
:X=10

5126 NEXTX
5130 X-Y-1

:F-1-0. 10* (Y- (TB-P"A(Y, 0))/ (PA CX, 0)-PA (Y, 0)))
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5200 CLOSE
: RETUI'N

6000 C L S
:PRI WT" SE LECT A FORM U LATIOn FROM 'Fl IE.,U : BELOW:

6002 J 1-)D +",!3"
PRINT

6005 PR1NIT" 1 - 35% MG 60% ";,I$;" -)% .INLER"
6010 PRI1N'T" 2 - 4 5% MG 50% ";Z;"5 '  1'11,NDER"
6015 )RINT" 3 - 55% MG A0% ";J;" 5% BIl"DER
60 I7 RIRT" 4 - SPECIAL CASE"
6020 PRINT

:PRINT'I" TER TON' N-UMB!IER BY YOUR CIOICE";
6025 CN$ .. EYIFV, (CNZ) le" ' "(N$ > ' 0625:SI'C$""'IG25

6030 TFVAL(CN.;) =4T1, 4 N0T0ELEFF100
6050 LINE I'N IJT" ENTER TIIE SPECIAL MIX IDENTI FIER FOR THE VOG
T FUNCT (ION" ; NS
6060 GOTO6 1'5
6100 .11 m- " O ' lCJ "+.T" + T P + ,CN$
6205 OPN0 1""I .1 ,NF$
6110 FOrX OT09

: FORY- 0'TC3
: INPUTi 1 ,PA (X , Y)
:NEXTY, X

6111 TB=0
FORX=,0TO9
I F PA (, , 0) >TBT iE ,B=-PA (X, 0)
N BXTX FL 7 I-'N F XTX

6115 FOP X- 0 OC)
:V=PA (X, 2) *0, 205*PA (X, 0) *10 00

6120 PA X, 2)--- (PhZ/ 70) .PA (X, 2) *NA/V
6121 PT'A(X,3) (PR/760 pPA(X,3)*NA/V
6122 N' XT X
6123 FORX = (TO9

:PA(X, !)=PA(X, 1) (PR/760)
6124 14 EXTX
6125 FORX= O'i09

: IPi. ,X., 0) <TFTI ENY=X
:X=10

6126 NEXTX
6130 X=Y-1

:F=I- 0.10* (Y- (TF-PA (Y, 0) /(PAX ,0)-PA(Y,0))
6200 CLOSE

I RE TU RN
7000 CLS

:PRINT"SELECT A FORMULATION FROM THE MENU BELOW:"
7002 J '$= I D$+" N03"

PR INT

I
!iA
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7005 PRINT" 1 - 25% MG 70% ";J$;" 5% BINDER"

7f)10 PRINT" 2 - 35% MG 60% ";$"5% BINDER"

7015 PRINT" 3 - 45% MG 50% ";J$;" 5% BINDER"

7017 PRINT" 4 - SPECIAL CASE"
7020 PRINT

:PRINT"ENTER THE NUMBER BY YOUR CHOICE";

7025 CN$=INKEY$
:1IFVAL(CNS)<IORVAL(CN.$)>4TUIEN7025SELSrIFCN4$="'TIEN

7 02 5

7030 IFVAL(cN )-4THiEN7050OtLSE7100

7050 LINFINPUT"pirTER THE SPECIAL MIX IDENTIFIER FOR THE VOIG

T FUNCTION";NF$
7060 GOT06105
7100 NF$="VOIGT"+4ID$+CN$
7105 OPEN"I",l,NF$
7110 FORX=0TOJ9

: FORY=:0T03

:NEXTY,X
7111 TB=0

FORX0=TOT9
IFPA (X,0) >TBTH]ENTB3PA (X,0))
NEXTXELSENEXTX

7115 FORX=0T09
:V=PA (X, 2) * 08205*PA (X,0) *1000

7120 PA (X, 2)z!(PR/76) *PACX, 2) *NA/V

7121 PA(X,3)--:(PR/760)*PA(X,3)*NA/V
7122 NEXTX
7123 FORX=0TO9

:PA(X, 1)=PA(X,1) *(PR/760)

7124 NEXTX
7125 FORX=0T09

:IFPA(X,0)<TFTI)ENY=X
X=10

7126 NEXTX
710X=Y-1

7200 CLOSE
RETURN
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j 30 REM:PnOGRAM TO CALCULATE VOICT PARAMETERS FROM EQUJILIBRIUM
C ON STiANT S

20 CLS
30 :DIM1VO(9, 14) ,N$(14) ,N(14) ,SI (13) ,Q1(13) ,M(13)

30PI=3.1416
:NA=6.024E23
:K=1. 3804E-16
:C=2.9979 3121

40 K1I=3.1378GE-O8
:1<2=7. 15844E-07
:<3=5. 66584E+06

50 FORY=OTO14
READN$ (Y)
:NEXT

60 DATA "TEMP","VOIGT A","TOTAL GAS" ,"METAL","AR"l,"CQ",'C0211,
"H"#, "H211,11112011 1 MG"s, "N21' " 02"l, "OTHER" ."OIS
70 FORY=4TO13

:READN(Y) ,SIGMA(Y)
:NEXT

80 DATA 39.94, 1E-16, 28.01,41E-16,44.O1, 50E-16,1.008, 1E-16,2.0
90 DATA18.1,22-62.21-6280,1-63.0 4-6
30, DAAi.1622QE,43,EIG2.22iG63.0,4-6
3010ECLS

100 U"ETE THCHMCLSYBLOLISEMTL;S
110 ICS'"ETERTHELCHEICAL SYMBOL OFXTESEC$=L"Tl1EN

1ELSEFCS $=" HA" T1ENX=ELSE IFCS,="C " TEX=ELSEGOTO1,= 1Lln'IE
100 IC$"B"l]l'=ESEFS=C"IIN=ESGT
100OXOU10,O012,0014
130 ON3)=MW ,11,12,13,14
130 NORY=4TO1

14 1 (OY=SIM(YTSR(/ 3)1NY))M
:PINTN$(Y) ,Q(Y)Q(/ 3)lNY/M
:PRNETN$Yl

150 NEXT020
150 NX=T20
160 CLS
160RX=0T0

FORY=3T01

170 PRINT@6-4,"TIIE VALUES ARE TO BE ENTERED FOR ";X*10;"% AIR"

180 POI(E16916,3
190 PRINT0@256,"ENTER THE VALUE FOR ";N$(Y);
200 INPUTVO(X,Y)

:CLS
:NEXTY

210 CLS
:INPUT"ENTER TIHE VALUE FOR SOLIDS";VO(X,14)

220 CLS
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INPUT" ENTER THE COMB3USTION TEMPERATURE" ;VO (X, 0)
232 SIGr4A()--SIcthA(3)*VO(X,O)/2ooo
240 PORQ=3T012

:VO(X,2)=VO(X,2)+VO(X#Q)
:NEXTQ
:CLS

250 VO(X, 13)=1-VO(X,2)-VO(X, 14)
260 VO(X,2)=1-VO(X,14)
270 CLS

:INPUT"ENTER THE TOTAL MOLES/KG OF ANY SPECIE";TS
280 PRIN4T

:INPUT"ENTER THE TOTAL MOLE FRACTIONS OF THAT SPECIE";TF
290 TM=TS/TF

:M =1000 /TM
300 P0KE16916,0

CLS
310 REM ENTER THlE ROUTIN4ES TO CALCULATE THE VARIOUS BROADENIN
G PARAMETERS
320 MU= (M.*M q) / (M+MWq)
330 LN=XLAi*A[2*A2/t'2*PI*C)
340 LL= (XLAM4BDM2*SIGNA (0)/C) * (*K*N'A*VO(X, 0)/PI/MU) [.5* (NA*(
VO(X,2)-VO(X,3))/VO(X,2)/82.05/VO(X,0))
350 LR=Kl*F*XLA.11DA13*VO(X,3)/VO(X,2)/VO(X,0)
360 LD=K2*XLAMBDAt*(VO(X.0)/Ml) r.5
370 SUM=0

FORY=4T01 3
:SUM=SUM+VO(X,Y)*Q1 (Y)*VO(X,0)/2000
:NEXTY

380 LQ=K3*XLAMBDAE2/(VO(X,0)(.5)/VO(X,2)*SUM
390 VO(X,1)=SQR](LOG(2))*(LN+LL+LR+LQ)/LD
400 PRINT"VOIGT a = ";VO(X,1)

FORJ=1T02000
45:NEXTJ
45LPRINT"% AIR FOR ";CSS;" = ";X*10

:LPRIN4TVO(X,0) ;LW;LL; LR;LQ;LD;VO CX, 1)
410 NEXTX
420 REM SAVE THlE CALCULATED PARAMETERS AS A FILE 'VOIGT'+CHEM
ICAL SYMBOL FOR METAL SPECIE
430 REM FILE TO CONTAIN THlE TEMPERATURE,VOIGT a,TOTAL NO. OF
MOLES A1ND MOLES OF METAL.
440 CLS

: PRINT
: PRINT
:PRINT"ENTER THlE NUMBER IDENTIFIER FOR THE CASE"

450 3$=CS$+"N03"
460 PRINT

:PRINT" 1 - 40% MG 55% ";J$;" 5% BINDER"
470 PRINT" 2 - 50% MG 45% ";J$;" 5% BINDER"
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480* PRINT" 3 - 60t MG 35% ";J$;" 5% BINDER"
485 PRINT" 4 - SPECIAL CASE"
490 PRINT

PRIWT'tENTER THE NUMBER BY THE CASL IN PROGRESS";
500 A$=INKE'$

: ILVAL(A$) (lOIVAL (A$) >4THlEN500E'ISl:IMFA,$""TIIN500
502 1IFVAL (A'.) =4TIIENLI NEIN PUT" ENTERf TII5S PE:CIAL CASE mrDNUI
R" ;ID$

:G0T0520
510 ID$=l"VOIGT'+CS$+A$+".-l"
520 OPI&N"O" ,l,ID$
530 FOflX=0109

: FORY0TO3
:PRINT#1.,VO(X,Y)
:NEXTY ,X

540 CLOSE
600 G0TO100
1000 M11=22.9898

:XL=5892.95I :SIGMA (3) =60S"-16

:FP=.982
:A21=.G5S

RETURN
1010 MW=39.10

:XL=768 1.95
:SIGMA(3) =6DE-16
:.MU=1 .7
:F=1 .021.
:A2J=. 39ES
: RETURN

1020 M14=6.939
:XL--6707.837
:SIG;MA(3)=45E-16
:t1U-. 302
:F-. *753
:A21=. 37E8
: RETURN

1030 MW=85.48
:XL=7873.95
: SIGMA (3) =75E-16
:MU=3.718
:F=.997
:A21=. 36E8
RETURN

1040 MW=J32.91
:XL-d3732. 5
:SIGMA(3)=90E-16

Kum.
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5 REM PHTSLOPE/BAS

10 CLEAR100
:DIM LI(5,1) ,WL(75),SL(75),IN(75),CC(75)
:DEFINTA, N, Q
:N=I
:ONERRORGOTO5000

100 CLS
:PRINT"LINEAR REGRESSION - 2 VARIABLES"

102 INPUT"ENTER THE CHEMICAL SYMBOL OF TIIE METAL";ID$
103 LPRINT"VOIGT FUNCTION SLOPES AND I14TERCEPTS FOR ";ID$
104 LPRINT" "

: LPRINT"WAVELENGTIH" TAB (15) "SLOPE" TAB (30) " INTERCEPT" TA
B(45)"CORR. COEFF."
110 P$="l## ,l#. W

120 PRINT
:PRINT"ENTER - INDEPENDENT VARIABLE FIRST."

125 FORX=IT05
:PRINT"ENTER POINT NO.";X;" ";

:INPUTLI (X, 0)
126 NEXT
130 QQ=QQ+1

:INPUT"ENTER THE WAVELENGTH";WL(QQ)
135 FORY=1TO5

:PRINT"ENTEF. VOIGT VALUE NO. ";Y;" "-
:INPUTLI (Y, 1)

140 NEXT
145 N=5

:GOSUB 150
:GOTO 190

150 CLS
155 G=0

:FOR A=l TO N
160 F=A-2*INT((A-1)/2)
165 PRINTTAB(25*(F-1))A;"-";LI(A,0) ;",";L1(A,1);
170 IF F>=2 THEN PRINT
175 IF A>=30+G*30 THEN INPUT"PRESS ENTER TO CONTINUE LIST-";

4 A$
:G=G+I

180 NEXT A
:IF A/2=INT(A/2) THEN PRINT

185 RETURN
190 INPUT"DO YOU WANT TO CHANGE, DELETE, OR ADD DATA (Y/N)";A$
195 IF A$="Y" THEN 500
200 C=2

:GOTO230
205 PRINT

:PRINT"DATA CAN BE ANALYZED AS ONE OF THE FOLLOWING:"
210 PRINTTAB(25)"I. LINEAR - LINEAR"
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215 PRINTTAI3(25)"2. LOG - LOG-
220 PRINTTA1B(25)"3. LOG - LINEAR"
225 PRINT

:INPUT"lENTER TIlE NUMFR BY THlE DESGIRED CIIOICE"l;C
230 ONCGOTO 250 , 235 ,245

235 1ORQ=1T0N
:L= LOG (L1 (), 0))

:L=LOG (Li (Q, 1))
Li(0,1) =L

240 NEXTQ
:GOTO 250

245 FORQ=1TON
:L=LOG(Li(Q,0))
:LI(Q,0)=L
:NEXTQ
:GOTO 250

250 FOR A=i TO N

:Y1=Yl+Li (A, 1)
:X2=X2+Li (A,0) *L1 (A,0)
:Y2=Y2+Li (A,I) *LI (A, 1)
:Z=Z+Li (A,0) Li (A, 1)
:NEXT A

255 X3=Xi/N
: Y3=Y i/W
: S1=X2-Xi*X3
S2=Y2-Yi*Y3
:S=Z-Xl*Y3

260 B=S/Si
: Bl=Y3-I3*X3
: S3=S2-T3*S

265 IF N>2 THEN S4=53/(N-2)

270 PRINT"NUMBER =";
275 PRINT "MEAN OF X = ";X3," OF Y =";Y3

280 PRINT"SLOPE = ";B,"Y - INTERCEPT = "B
285 PRINT

:PRINT"'SUM OF SQUARES" ,"TOTAL" ;Y2 I
290 PRINT"MEAN = ";Y3*Yl;" SLOPE = ";B*S
295 PRINT"RESIDUAL = "S
300 PRINT

:PRINT" STANDARD DEVIATIONS"
305 PRINT"X= ";SQR(Sl/(N-1)),"Y = ";SQR(S2/(N-1))
310 IF S4<0 TH-EN PRINT

PRINT
:COTO 325

315 PRINT"ERROR = ";SQR(S4),"Y-BAR = ";SQR(S4/N)
320 RIN"SLPE ",SQR(S4/Si),"Y-INTER. = ;SQR(S4*(l/N+X3*



PAGE 94

13Sl
325 PRINT

:IF S4<>0 THIENPRINT" '-RATIO0 FOR SLOPE =";B*S/S4

330 PRINT"CORR. COEFF. =";S/SQR(Sl*S2)
335 X1=O

:Y10O
: X2=0
:Y2=0
Z=0

338 INPUT" PRESS ENTER TO CONT.-";A$
340 LPRIINTIL(QQ));TA3(15)13;TAB(30)B1;TAI3(45)S/SQR(S1*S2)
342 SL(QQ)=3

IN (QQ) =Bl
CC (00) =S/SQR (S1*S2)

344 GOT0480
355 CLS

PRINT0475, "WORKING"
:MX(1, 1) =0
:MX (1,0) =0

360 MN(1,1)=L1(1,1)
:MN (1,0) =L1 (1,0)
:FOR A1l TO N
:IF L1(A,0)<MN(1,0) THEN MN(1,0)=L1(A,0)

365 IF LI(A,1)<flN(l,l) THEN MN(1,1)=L1(A,1)
370 NEXTA
375 FOR A=l TO N

:IF Ll(A,0)>MX(1,0) THEN MX(1,0)=Ll(A,0)
380 ir L1(A,1)>MX(1,1) THEN MX(1,1)=L1(A,1)
385 NEXTA
390 H1=40/(MN(1, 1)-MX(l,l))

395 H2=100/(MX(1,0)-MN(1,0))
:3 2=27-MN (1, 0) *H 2

400 CLS
:FOR A=0 TO 40
: SET (26 ,A)
:NEXTA
:FOR A=O TO 30 STEP 10
: SET (27 ,A)
:NEXT A

405 FOR A=26 TO 127
: SET (A, 41)
:NEXTA
:FOR A=51 TO 126 STEP 25
:SET (A, 40)
:NEXT A

410 IFC1ITIIEI4PRINT@448,"Y";

:PRINT@930,WXW;
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41.5 IFc=2'rlnNRNT448," LOG Yi";
:PRXNTI'930,"LOG X";

420 IFC=3Tl1ENPlIUNTV448,*"Y";
:LRINT0930,"LOG V';

425 FOR AMi TO N
:SET ( Li (A, 0) *112+J2, Li (A, 1) *111+31)

:NEXTA
430 PRINT0837,"";

:PRINTr USING P$;MN(l,l);

:PRINTr usiNG Ps;mx(i,1);
435 PRINT09O8,"ll;

:PRINT USING P$;MN(1,0);

:PRINT USING P$;MX(1,0);
440 FOR A=27 TO 125

:E= (( (A-J2) /112) *B+Bl) *fII.JJ
445 IF? E0 THEN 455
450 SET(A,E)
455 NEXT A/
460 PRIN4T(960,"SLOPE=";3;"INTER.=";Bl;"CORR. CQEFF.";S/SQR(S
1*S2)
465 INPUT" PRESS ENTER TO CONT.-";A$
470 K=O

:IV=31+G*3'O
:G=G+1

* RETURN
45GOSUB3 G05

:FORQ=iTON
:L=L1 (Q,0)
: Li(Q,0) =Li (Q, 1)

:NEXTQ
:GOSUB 150

* :GOTO 190
480 014CGOTO 5OD , 485 ,495

485 FORQ=lTON

:Li (Q,0)1=Lj

:Li X(Q, i)=L)

490 NEXTQ
:COTO 500

495 FORQ=iTOJ
:L-EXP(Li (Q, 0))

:NEXTQ
:GOTO 500
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500 PRINT"ENTER A COMMAND TO ADD - DELETE - CIIANGE - SWAP -

RERUN - END"
505 INPUT"COMMAND";B$
510 A$=LEFT$(B$,I)
515 IF A$="A" TI]EN 550
520 IF A$="D" THEN 555
525 IF A$="C" THEN 580
530 IF A$="S" TIIEN 475
535 IF A$="lR"TIHENGOSUB 605

:GOTO 205
540 IF A$="E" THEN 100
541 IFA$=-"Q"THEN130
545 PRINT"ILLEGAL COMMAND; ENTER AGAIN"

:GOTO 500
550 N=N+I

:GOSUB 605
:GOTO 135

555 GOSUB 150
:PRINT"ENTER PAIR NUMBER TO BE DELETED";
:INPUT D

560 GOSUB 605

565 IF D>N THEN PRINT"PAIR ";D;" NOT FOUNP "
:GOTO 500

570 PRINT"PAIR ";D;" FOUND AND DELETED"
575 FOR A=D TO N

:LI (A,0)=LI(A+I,0)
:LI(A,1)=LI(A+1,1)
:NEXT A
:N N-i
:GOTO 190

580 GOSUB 150
:INPUT"ENTER THE DATA PAIR NUMBER TO BE CHANGED";D

585 GOSUB 605
590 IF D>N THEN PRINT"PAIR ";D;" NOT FOUND-"

:GOTO 500
595 PRINT"PAIR ";D;" FOUND - ENTER NEW VALUES FOR BOTH";

:INPUT X,Y
600 LI(D,0)=X

:LI(D,I)=Y
:GOTO 190

605 X1=0
:X2=0
:X3=0
:Y1=O
:Y2=0
:Y3=0
:Z=O
.S=O

Ii
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S2=0

: S3=0

B=O

610 RETURN
1000 CLS

INPUT" ENTER THlE NUMBER OF h'AVELENGTHlS" ;NW4
1005 lit01 ,,PI+I$"1

PRINT4 , NW
1010 FOR00-1TOWN

:PRINTI~tl,WL(QQ),SL(QQ),IN(QQ),CC(QQ))
:NElXT

1020 CLOSE1
1030 STOP
2000 OPEN"1" , 1, "PllI"+ID$+" :I"
2010 FORQQ),)=TO55

:INPUTil, (QQ) ,SL (QQ) ,IN(Q)C(O
NEXT

2020 CLOSEl l

2030 STOP
5000 PRINT"ERROR NO. ";ERR/2+1;" IN LINE ";ERL
5005 RESUMENEXT
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